Abstract A generalised model of the life cycle of a house dust mite, which can be tailored to any particular species of domestic mite, is presented. The model takes into account the effects of hygrothermal conditions on each life cycle phase. It is used in a computer simulation program, called POPMITE, which, by incorporating a population age structure, is able to predict population dynamics. The POPMITE simulation is adapted to the Dermatophagoides pteronyssinus (Acari: Pyroglyphidae) (DP) mite using published data on the egg development period, total development period, adult longevity, mortality during egg development, mortality during juvenile development, and fecundity of individual DP mites held at a range of constant hygrothermal conditions. An example is given which illustrates how the model functions under constant hygrothermal conditions. A preliminary validation of POPMITE is made by a comparison of the POPMITE predictions with published measurements of population growth of DP mites held at a range constant hygrothermal conditions for 21 days. The POPMITE simulation is used to provide predictions of population growth or decline for a wide range of constant relative -007-9056-3 Predicting the population dynamics of the house dust mite Dermatophagoides pteronyssinus (Acari: Pyroglyphidae) in response to a constant hygrothermal environment using a model of the mite life cycle Phillip Biddulph AE David Crowther AE Brian Leung AE Toby Wilkinson AE Barbara Hart AE Tadj Oreszczyn AE Stephen Pretlove AE Ian Ridley AE Marcella Ucci humidity and temperature combinations for 30 and 60 days. The adaptation of the model to correctly take account of fluctuating hygrothermal conditions is discussed.
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Introduction
The house dust mite Dermatophagoides pteronyssinus (Acari: Pyroglyphidae) (DP) is one of several species giving rise to allergens that play a major role in allergic disease, especially asthma (Voorhorst et al. 1969; Ford et al. 1985) . DP is the most common species of house dust mite in the UK, and is predominant in many countries around the world (van Bronswijk 1981; Colloff 1998) . Their major habitats are beds, carpets and soft furnishings.
Mites have few natural predators, so that in a typical habitat the principal limits on the population size are the available food and the hygrothermal environment, which can be described by the relative humidity (RH) and the temperature (T) (van Bronswijk 1981) . In this paper we make the simplifying assumption that food is plentiful and is not limiting the population size.
Predicting the population dynamics in the hygrothermal conditions of the habitat is a crucial step in the study of different strategies for controlling mite populations, and therefore the production of allergen (see Crowther et al. 2006) . Past, present and simulated future climate data can be used in conjunction with building simulations (for example see EnergyPlus 2004) to predict the internal climate of bedrooms for a wide range of house types and conditions, as well as different occupant behaviour regimes. These predictions or actual measurements can be used in turn to predict the internal conditions of beds (Pretlove et al. 2005 ).
An accurate computer simulation of the population dynamics of dust mites is needed to complement the range of simulations available to predict the environment of the habitat. The suite of simulations can then be used to test scenarios for controlling dust mite populations in beds. Small changes in occupant behaviour or building design may have a significant effect on the population dynamics.
Previous attempts to model the population dynamics by Cunningham (2000) and more recently Crowther et al. (2006) have used the simplifying assumption that there exists a population growth multiplication factor which is constant for a particular RH and T combination, regardless of the structure of the population. Whilst these models have the advantage of being easy to implement they can lead to misleading results even during periods of constant conditions. For example a population of pure eggs is unable to grow until at least one mating pair has matured and as a population develops the numbers of egg laying females will fluctuate naturally. This would lead to fluctuating rates of population growth, which would cause problems for these models, both in terms of calibration and use. To overcome them a model which can keep track of the population structure has been developed.
Mites develop through various life phases, from eggs to juveniles (larvae, protonymphs and tritonymphs for DP) to adults. Mites at each phase of the life cycle have different development times and mortalities depending on the hygrothermal conditions (Gamal-Eddin et al. 1983a, c) . The fecundity of female adults also depends on the hygrothermal conditions (Gamal-Eddin et al. 1983b ).
The population dynamics of dust mites is most sensitive to the parameters described above. As with any model, this model uses simplifying assumptions, particularly for the less sensitive parameters (e.g. the age dependence of the egg laying rate). A preliminary validation of the model indicates that these assumptions are acceptable.
A generalised model of the life cycle of a house dust mite, using information on development times and mortalities, can be tailored to any particular species of domestic mite. The age structure of the mite population can be simulated by keeping track of the development and numbers of mites in batches as they progress through the life cycle model.
In this way a computer simulation program able to predict population dynamics, called POPMITE, has been constructed that incorporates the life cycle model and a population age structure. POPMITE has been tailored to DP mites using a selection of published data describing their physiological response to a range of constant hygrothermal conditions.
Theory
The methods for calculating the population dynamics described here are similar to those that use the Leslie matrix model (Leslie 1945) as described by Nisbet and Gurney (1982) and Case (2000) .
If the initial structure of a population of mites (numbers and ages of eggs, juveniles and adults) is known, then our aim is to predict the change in the structure after a short period of constant hygrothermal conditions. This can be done by calculating:
• the increase in development and the loss of mites for each of the life cycle phases separately, and • the number of freshly laid eggs.
By repeating this process over many time periods one can thus predict the population dynamics.
A population of mites will consist of batches of individuals at any one of the phases of their life cycle. Each batch will be at a unique development stage within the phase and will be progressing through the phase at a rate which depends on the hygrothermal environment. The environment will also play a role in determining the chances of survival and the rate at which adult females lay eggs. The physiological response of mites in a particular phase to the constant conditions can be described by:
• the percentage development rate (R), • the survival probability (S), and • for adult females, the egg laying rate (F).
It is assumed that each of these parameters R, S and F will depend only on the current hygrothermal conditions RH and T.
In the model we can make a list, or an array, of the number of mites in each batch in each phase, indexed by the percentage development d t n f g, where t n is the current time. So the number of mites in a batch in a phase is described as N d t n f g f g, where d t n f g ¼ 0% at the beginning of the phase. To calculate how further developed this batch of mites are in the next time slice t n+1 , where t nþ1 ¼ t n þ t unit and t unit is typically 1 hour, we use the percentage development per hour R(RH, T). So the new percentage development of this batch of mites at time t n+1 is:
During this time some of the mites in the batch will die. To calculate how many mites survive into the next time slice we use the survival probability per hour S(RH, T). So the number of mites surviving into the next time slice is given by:
It should be noted that N d t nþ1 f g f gis not an integer and can become very much less than 1 if the conditions are bad for an extended period of time. This can be interpreted as the probability of survival from eradication during this time slice. If N d t nþ1 f g f gis tiny (less than say 0.000001) then it is very unlikely that this batch will survive and it is removed from the list of batches.
The percentage development rate and survival rate are used in every phase of the life cycle and a subscript is now used to indicate which phase a particular parameter represents. For example N egg d egg t n f g È É is the number of eggs with percentage development d egg t n f g, at time t n . The adult phase is a special case, as in addition to the development rate and the survival rate, adult female mites may lay eggs. To calculate how many eggs are laid in the next time slice we use the eggs laid per hour F(RH, T). So the number of fresh eggs laid in the next time slice is given by:
where d egg ft nþ1 g ¼ 0%, because they are freshly laid, and N female ¼ N adult =2 It is assumed for the purposes of this model that half the adults are female (Hodgson 1976) and that all adult females of all ages can produce eggs if the conditions are favourable. The sex ratio of eggs produced is assumed to be 1:1, and there are no differences between the sexes, other than that female mites can lay eggs. These simplifying assumptions can be relaxed if necessary.
This process is repeated each time slice with adult female mites replenishing the supply of eggs, as batches of mites progress through the phases, getting ever more developed, as well as ever more depleted in numbers as they die, until they reach a development of 100%. Once a batch of mites has reached a development of 100%, it is moved into the next phase with a percentage development of 0%. At the end of the final adult phase the mites die and are removed from the model completely. Figure 1 is a schematic diagram showing the model of a simplified mite life cycle with only three phases, egg, juvenile and adult. Time proceeds down the page for three consecutive time slices. The RH and T are assumed to be constant throughout each time slice. The structure of each phase is depicted as separate histograms across the page with development as the x-axis and number of mites as the y-axis. Within the histogram, batches are represented by thick vertical bars. The height of each bar represents the number of eggs, juveniles or adults in a batch, and the position along the histogram shows its progress. After each time slice, batches are moved along the histograms until they reach the end and are then either moved into the next stage or, for adults, are removed altogether, representing the end of their lifespan. The bars shrink in size at every time slice depending on the survival rates. The female adults lay fresh eggs which form a new batch at the start of the next egg histogram as indicated by the dotted line.
The model naturally introduces a mix or structure into the population. The population of mites at any one moment will consist of eggs, juveniles and adults, all at different stages of development and age. The exact structure will depend on the history of the population and, to get a realistic prediction of the population dynamics over an extended period of time, it is important to keep track of this structure. For example a population experiencing a period of bad conditions leading to a much depleted population will respond very differently to a period of good conditions than a healthy population would.
The POPMITE simulation
To use the model in a simulation of a population of a real mite species, it is necessary to have values for the percentage development rate (R), the survival rate (S) for each phase in a mite's life cycle and the egg laying rate for adult females (F) for a wide range of RH and T combinations.
Data from a number of different sources has already been published describing the physiological response of the different phases of individual DP mites to a range of constant RH and T combinations. A selection of this data, suitably analysed, has been used to create a rough simulation. The data comes from different experimental groups, which use different experimental methodologies that may not be compatible. It is therefore difficult to extract anything more than an estimate of the physiological response to the hygrothermal conditions. Indeed in analysing the data our primary intention at this time is not to derive accurate relationships, but to provide data to illustrate the model. We therefore have not provided measures of the quality of the fits to the data. The authors of this paper are collecting a fuller and more consistent set of data to be used by the simulation which will potentially give a more precise prediction. The data and a description of an improved simulation will be published at a later date.
From the published data for the model we require the mathematical descriptions or formulae of the parameters:
• R egg ðRH; TÞ; R juvenile ðRH; TÞ; R adult ðRH; TÞ, • S egg ðRH; TÞ; S juvenile ðRH; TÞ; S adult ðRH; TÞ, and • F(RH, T). No direct measurement of the development rate of eggs R egg (RH,T) was found in the literature. There is however quite detailed information on the development duration of eggs for a wide range of RH and T combinations from which the development rate can be calculated. Table 1 shows the development duration in days of DP eggs held at constant RH and T conditions. For the purposes of the model we make the simplifying assumption that for any given combination of RH and T the development rate is constant throughout the egg life stage. We can then extract the percentage development per hour as R egg ¼ 100%=D egg , where D egg is the development duration in hours calculated from the data recorded in days in Table 1 . Figure 2 shows R egg plotted against temperature.
A linear function of temperature can be used to describe the egg development rate. Below about 50% RH no data was found on the development duration and above 50% RH no obvious correlation was found with RH (i.e. the development rate did not vary significantly for different RH values above 50% for fixed values of temperature).
The solid line on Fig. 2 is a fit to the egg development data and gives a rate of 0.91% development per day per°C. In other words, for every 1°C increase in temperature the development rate increases by 0.91 of a percent per day. If we assume that we can extrapolate this function to lower temperatures, then development should stop completely below 9°C.
Equation 4 is the fit to the data and gives the development rate formula for R egg (RH, T) in % development per hour, to be used in the model.
The formula for the development duration of eggs will be useful later for the calculation of the juvenile development rate and the egg survival rate. This is given by Eq. 5, where D egg (RH,T) is in hours, 
Juvenile development rate R juvenile (RH,T)
No direct measurement of the development rate of the juvenile phases of the DP mite was found in the literature. However some information for the total development duration from fresh eggs to adults is available and, by subtracting the egg development duration, the development duration of juveniles can therefore be inferred. Table 2 shows the total development duration for different combinations of RH and T. The data is from many sources, and is concentrated along the 75%RH row and the 25°C column. It can be seen that the lower the temperature, the longer the mites take to develop.
As an intermediate step we need to establish a development rate for the combined egg and juvenile life stages. In order to do so we make the simplifying assumption that, for any given combination of RH and T, the development rate is constant throughout the combined egg and juvenile development life stage. Then we can extract an percentage development per hour as R total ¼ 100%=D total , where D total is the development time in hours calculated from the data recorded in days in Table 2 . Figure 3 shows R total plotted against T.
As with eggs, a linear function of the temperature can be used to describe the combined egg and juvenile development rate. Below about 50% RH no data was found on the development duration and above 50% RH no obvious correlation with development rate was found with RH. This may seem surprising given that water balance is important to mites in that above a threshold RH level they extract moisture from the atmosphere and without this moisture the mites eventually die (Arlian 1992 threshold and can then recover once the RH goes above the threshold (de Boer et al. 1998) . In conditions which oscillate above and below the threshold the mite development duration will depend on the length of exposure and absolute level of the low RH conditions. However, in constant conditions with RH below the threshold, mites never get the opportunity to recover and therefore die.
The solid line is a fit to the data and gives a rate of 0.33% total development per day per°C. For every 1°C increase in temperature the development rate increases by 0.33 of a percent per day. If we assume that we can extrapolate this function to lower temperatures, then the development should stop completely below about 13°C. 
The formula for overall development time from eggs to adults is given by,
We can now subtract the egg development duration from the total development duration to get the juvenile development duration. Adult ageing rate R adult (RH, T)
The adult ageing rate is the rate at which both male and female adults progress towards the end of their natural life span. No direct measurements of this have been found. However Table 3 gives the longevity in days of DP adults held at constant RH and T conditions. The very sparse data there is, shows that adult mites have a much shorter life at low RH than at high RH. Figure 4 shows adult longevity as a function of temperature with two fits to the data.
The longevity of adult mites can therefore be modelled with the following equations with an arbitrary split at 60% RH. More data is needed to give a better representation of the real response of adult longevity to RH and T. 
The longevity data can be used to calculate the rate of ageing in % ageing per hour.
R adult ðRH; TÞ ¼ 100%=D adult ðRH; TÞ ð 11Þ Arlian et al. (1990) Egg survival rate during development S egg (RH,T)
No data for the survival rates of mite eggs during their development phase was found. However there is data on the mortality (M egg ) at the end of the development phase. This is defined as the percentage of mite eggs which die during the period of development and is given by this formula, Table 4 shows the egg mortality, in percent, during the development period of mite eggs to juveniles.
The mortality is highest at low temperatures whatever the RH and also at low RH at high and low temperatures. There is clearly some discrepancy between the different datasets, especially at 25°C and 75% and 80% RH. For RH below an arbitrary cut-off, which by coincidence is also 60%, a simple quadratic of the temperature is used,
At RHs above 60% a more complicated exponential of the temperature is used with a simple linear formula for the RH, 
RH[60% ð14Þ
Figures 5-7 show the fits to the data. The mortality is equal to a hundred percent minus the survivability,
The survivability is the product of all the hourly survival rates during the development duration, and is therefore given by 
It is important to note that the hourly survival rate depends on the development duration as well as the mortality of eggs.
Survival rate during the juvenile phases S juvenile (RH, T)
No data for the survival rates of juvenile mites during their development phase was found. To calculate the juvenile hourly survival rate, the total mortality during the overall mite development from egg to adult is used. It is defined, in a similar way to the mortality during the egg development period, as the percentage of mites which die during the overall period of development and is given by this formula: Table 5 shows the total mortality, in percent, during the development of mites from fresh eggs to adults. The data is concentrated along the 75% RH row and the 25°C column. The mortality increases at low and high RH, and also at low and high temperatures. The minimum mortality is at 80% RH and 25°C. Two independent quadratic curves are used to fit the RH and the temperature data separately and are then combined together assuming there are no cross correlations.
Figures 8 and 9 shows the data and the fits. The probability of mortality during the complete development period is equal to the product of the probability of mortality during the egg development phase and the juvenile phase.
Using the same logic from the previous section on the survival rate during the egg development phase, the hourly survival rate of juveniles is given by: Survival rate during the adult phase S adult ðRH; TÞ Since no direct or indirect measurements of the survival rates or mortality for adults have been published, we have assumed that the mortality of adults is the same as the mortality of juveniles. 
This leads to the rate of adult mites surviving per hour as: Adult female egg laying rate F adult (RH, T)
The fecundity or total mean number of eggs produced by a female mite during her adult life is given in Table 6 in number of eggs. A cubic formula for both RH and temperature is used to describe the data,
Figures 10 and 11 show the data and the fits. The simplifying assumption has been made that female adults lay eggs at a constant rate throughout their adult lifetime. Therefore the probability that they will lay eggs in any one time slice is given by:
FðRH; TÞ ¼ f Â t unit =D adult ðRH; TÞ ð 27Þ
Using the POPMITE simulation
The POPMITE simulation program has been written in PERL (http://www. perl.com). POPMITE can read the hygrothermal conditions, together with a description of the initial structure of the mite population, and predict the population dynamics.
To illustrate how the model functions, POPMITE has been used to predict the population dynamics of 100 freshly laid eggs (no juveniles or adults at the start) in an arbitrarily chosen constant climate of 75%RH and 35°C for 30 days. Figure 12 shows the results.
The plot shows the number of mites as a function of time. Initially there are 100 eggs at the beginning of the first day. Over the next 4 days (the developmen period at 35°C) the number of eggs has decreased to roughly 80% (the survival probability). Spieksma ( 1967) At this point all the eggs turn into juveniles and the number of eggs drops to zero. After approximately 10 further days the number of juveniles has decreased to 60% approximately to leave about 45 juveniles. At this point the juveniles turn into adults and the number of juveniles drops to zero. Immediately the adults start to lay new eggs. Fresh batches of new eggs are then laid every time slice, depending on the number of adults. The number of adults gradually decreases, according to the survivability rate. However after 4 further days the first of the new eggs to be laid start to hatch into juveniles, and the number of juveniles starts to increase. The number of eggs in the population is then equal to the number of eggs being laid minus the number of eggs dying, minus the number of eggs changing into juveniles, and so the egg population starts to decrease. After a further 10 days the juveniles start to turn into adults, and there is consequently a sharp drop in the number of juveniles, a sharp rise in the number of adults and also a sharp rise in the number of eggs. At 29 days the number of adults drops sharply before the upward trend resumes. These are the adults from the original batch of eggs dying. If this simulation is left to run for any length of time the population of mites will quickly become enormous, which is to be expected for these relatively favourable conditions, with unlimited food supplies.
Preliminary validation by comparison of POPMITE predictions with measurements of mite population growth
The DP mite population growth and decline, after a 21 day period, under a range of constant RH and temperature conditions, have been measured as reported by Crowther et al. (2006) . A population growth multiplication factor was calculated for each RH and temperature combination by comparing the final population of juveniles and adults with the initial population of juveniles and adults. The population of eggs was not measured but as the initial populations were mature and well mixed it was assumed that there were a similar number of eggs in each sample. No measurement, other than the combined total number of juveniles and adults, was made of the initial population structure.
POPMITE can be used to predict the measurements of the population growth factor. With no other information on the starting population structure, we assume a population structure of 1:1:1 of eggs, juveniles and adults with a spread over all ages. The predictions and data with statistical error bars from Crowther et al. (2006) are shown as a function of RH in Figs. 13-17 for fixed temperatures of 15°C, 20°C, 25°C, 30°C and 35°C respectively. The discontinuity at 60% RH in the POPMITE predictions in Figs. 13-17 are due to the use of the arbitrary step change at 60%, as explained earlier, in Eq. 10 to describe adult longevity and Eqs. 13 and 14 to describe egg mortality.
The POPMITE model under-predicts the growth factor at high RH when the temperature is 30°C, but otherwise the predictions and measurements show a good agreement with each other over the whole RH and T range.
Eggs Juveniles Adults
Time (days) Number of Mites Fig. 12 Prediction of the population dynamics of a batch of 100 freshly laid eggs held at a constant temperature of 35°C and a constant relative humidity of 75%. The total number of eggs in all batches is plotted as a solid line, the total number of juveniles as a dashed line and the total number of adults as a dashdotted line A similar experiment as described by Crowther et al. with more detailed measurements of the initial and final population structures should be able to provide a more comprehensive validation of POPMITE under constant conditions. However the very good agreement with the present data gives confidence in POPMITE and allows for a preliminary validation.
Predicting mite population growth at a range of constant conditions
The POPMITE simulation program can now be used to predict mite population growth or decline for a wide range of constant RH and T combinations. shows the predicted growth of a population consisting of 100 freshly laid eggs after 30 days. The thick contour represents the RH and T combinations where the complete population (eggs, juveniles and adults) is numerically equal to the starting population. Figure 18 show a central 'island' of growth with a maximum growth factor of 11.476 (538.8 Eggs, 553.9 Juveniles and 54.9 Adults) at 29°C and 76%RH. Outside this island the populations are in decline, with a higher decline at higher temperatures. The discontinuity at 60% RH in Fig. 18 is again due to the use of the arbitrary step change at 60% in Eq. 10 to describe adult longevity and Eqs. 13 and 14 to describe egg mortality.
RH (%)
Population Growth Factor Figure 18 shows the population growth for only 30 days, which means that for populations at low temperatures the mites have not yet completed a full life cycle. At temperatures below 13°C eggs will not have had time to hatch into juveniles, and below about 24°C juveniles will not have had time to turn into adults. The lower bound of the 'island' of growth at 24°C as shown in Fig. 18 is due to mites not reaching maturity and therefore being unable to produce eggs to increase the population. Figure 19 shows the predicted growth of a population consisting of 100 freshly laid eggs after 60 days. The maximum growth factor of 365.293 (20, 002.9 Eggs, 13, 062.7 Juveniles and 3, 463.7 Adults) is now at 31°C and 76%RH, which is at a slightly higher temperature than the predicted maximum of 29°C for the 30 day simulations. It is also massively increased. Mites held in these conditions are unlikely to reach such numbers unless there is an unlimited amount of food and space available to them. Wilkinson et al. (2002) have shown that 1 gram of food is enough for a population of about 12,000 mites (juveniles and adults) to develop after 18 weeks from only 2 mating pairs held at 25°C and 75%RH. The population then gradually declined as the food was consumed. A limit on the population growth based on the available food can be incorporated into POPMITE if needed. This will be the subject of a future paper by the authors.
The area over which the population is either stable or growing is now much larger. However the lower bound of this growth 'island' is again due to the fact that below 18°C juveniles will not have been able to turn into adults.
The total mortality as described by equation 19 and shown in Fig. 8 has a minimum at 26°C and the fecundity as described by equation 26 and Fig. 11 has a maximum at 23°C. This would suggest that the maximum growth factor should be found at much lower temperatures than the 29°C for 30 days and 31°C for 60 days. The reason for this apparent discrepancy is that even though the conditions are less favourable, the development rate is very much increased at higher temperatures. The mites are therefore able to replenish their numbers at a faster rate than mites held at lower temperatures.
It is interesting to note that the models based on the constant growth multiplication factor (Crowther et al. 2006) would have predicted a different growth factor after 60 days given the growth after 30 days. Assuming that the growth was constant over the first 30 days then the growth multiplication factor per day would have been 11.476 (1/30) = 1.085. In other words if there where 100 mites then at the end of first day there will be 108.5 mites and at the end second day will be 117.2 mites and so on. This model then predicts a population growth of only 1.085 60 = 131.699 after 60 days compared to the POPMITE prediction of 365.293. This illustrates the different results that can be obtained when population structure is taken into account. 
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Simulation using changing hygrothermal conditions
Once it has been further validated, the model can be used to predict the population dynamics of mites held in constant hygrothermal conditions. Unfortunately the hygrothermal conditions of the typical habitats of mites, such as a mattress, can vary dramatically. Ridley et al. (submitted) have recorded the micro-climatic conditions found throughout the beds of a number of people over a period of a few days. These measurements show that when the bed is empty the mattress is in climatic equilibrium with the bedroom. However once the bed is occupied there is a dramatic increase in the absolute humidity and temperature in the mattress immediately under the body. The temperature increase is usually so high that the corresponding RH drops. Even though the absolute humidity in the bed has increased due to the presence of a sweating, moisture breathing sleeping person, the excess vapour is not enough to increase the relative humidity, since the temperature has risen by a disproportionately large amount at the same time, thus resulting in a drop in relative humidity. For a discussion on this point see Pretlove et al. (2005) POPMITE can accept continually changing conditions as input, although the quality of the prediction is likely to be degraded the greater the transient nature of the hygrothermal conditions. The reason for this is that at present the model assumes that the survival rates for each phase are constant; in other words the probability of surviving in one time slice does not depend on how long that batch of mites has been exposed to the current environment.
De Boer and Kuller (1997, 1998) and Pike et al. (2005) have shown that DP populations held in unfavourable conditions of low RH, but given brief periods of favourable high RH conditions every day, are able to survive and even grow. Mite populations held continuously in harsh conditions decline and eventually die out. This suggests that individual mites have a survival probability which depends on how long they are held in harsh conditions. Arlian and Wharton (1974) , Arlian (1975 Arlian ( , 1992 , Wharton (1978) , Arlian and Veselica (1979 , 1981a , b) and de Boer (2000 have investigated the water balance of mites (DP and Dermatophagoides farinae) and have developed equations which describe the water content of a mite under different hygrothermal conditions. In low RH conditions mites initially lose moisture very quickly, but after a short period of time are able to reduce the water loss drastically, enabling them to survive for an extended period of time. In high RH conditions, mites are able to recover any lost moisture very quickly and to maintain it at high levels to allow them to function and reproduce.
An improvement to the POPMITE model is therefore being developed which will include parameters to track the water contents of mites and therefore reproduce the correct response to conditions fluctuating between high and low RH. Until this is available a minimum survival rate is applied to all batches to allow at least some mites to survive unfavourable conditions. However the resultant predictions are unlikely to be accurate in very transient conditions.
Conclusions
A generalised model of the life cycle of a house dust mite is presented. Previously published data on the physiological effects of exposure of the DP mite to constant relative humidity and temperature combinations is used to construct a model and computer simulation called POPMITE. For a given starting population structure and climate history, POPMITE is able to predict the most likely population dynamics for the house dust mite DP.
Preliminary validation by comparisons of the POPMITE predictions with measurements of population growth at constant hygrothermal conditions shows good agreement.
Contour plots showing the predicted growth of a population consisting of 100 freshly laid eggs after 30 and 60 days in a range of RH and T combinations show that temperature plays an important role in controlling the growth and decline of populations.
POPMITE produces very different predictions from models based on the assumption of a constant growth multiplication factor, which are the basis of the models of Cunningham and Crowther. These models are simple and easy to use and can gave a broad indication of the population growth, but they will never be able to give as accurate a prediction as POPMITE, since the population structure and therefore the population growth multiplication factor changes all the time, even under constant conditions.
The current version of POPMITE, when fully validated, will give good predictions of house dust mite population dynamics where conditions are constant or changing slowly, but will tend to give degraded predictions once conditions start to fluctuate. This is still a significant improvement on the models of Cunningham and Crowther, and POPMITE can already be used as part of a study to test scenarios for changing building design or occupant behaviour to reduce mite populations in beds.
A study to provide a precise and comprehensive dataset of the physiological response of DP to a wide range of both constant and varying environmental conditions and diets is under way. This dataset is required to calibrate the parameters needed to track the moisture content of mites for a more accurate version of the POPMITE simulation that will be able to cope fully with varying hygrothermal conditions.
